Full-body 56 
Fe-irradiation showed the greatest level of gene modulation and key transcriptional regulatory nodes were identified. Validation of networks highlighted a unique and long-lasting molecular response in cardiomyocytes. Our findings infer potential novel biomarkers for prediction of longterm cardiovascular risks in radiotherapy patients and astronauts during exploration-type space missions.
IT IS ESTIMATED THAT STROKE and heart disease account for one-third the number of ionizing radiation-associated excess deaths in atomic bomb (A-bomb) survivors compared with cancer (48) . There was a significant increase in noncancerassociated diseases decades after exposure of a single acute dose in A-bomb survivors that includes heart disease, stroke, digestive diseases, and respiratory diseases (59) . Even moderate doses of 0.5-2 Gy have been indicated to increase the incidence of heart disease in A-bomb survivors. However, it is unclear if low-dose radiation poses long-term degenerative risks, as other studies have shown no increases in cardiovascular (CV) disease risk with significant association that can be attributed to radiation exposure in the A-bomb studies (77) . The potential association of increased CV risk at low-dose exposure must be investigated (3) . Furthermore, the timedependent latency of significant biological effects of high charge and energy (HZE) radiation on cardiac tissue requires further exploration to understand the risk of human exposure to low doses of space-type ionizing particle radiation.
The effect of cosmic radiation exposure to HZE nuclei in humans is largely unknown and is based on data extrapolated from low-linear energy transfer (LET) radiation. An individual in interplanetary space may be exposed to ϳ1-2 mSv of radiation per day from a mixed field of cosmic rays (16) . While intracellular effects such as DNA damage and repair and cell cytotoxicity have been studied, a complete understanding of HZE particles on the heart and other specialized cell types, as well as various organ tissues in the body, is lacking. Additional exposure studies are also needed since HZE particles are now being used as part of treatment regimens in cancer radiotherapy (RT) patients. Thus a more extensive study of HZE particles and their relationship to CV function and disease is warranted.
It is well recognized that irradiation (IR)-induced CV disease is a side effect of RT (1, 4, 9, 11, 14, 26, 34, 36, 39, 44, 51, 56, 63, 65, 69, 71, 72, 74) . A more recent epidemiological study of 2,168 women who underwent RT for breast cancer between 1958 and 2001 in Europe has shown that the rates of major coronary events increase linearly with the mean dose to the heart by 7.4% per Gy, with no apparent lower or upper threshold (overall average of the mean doses to the whole heart was 4.9 Gy, range 0.03-27.72 Gy) (17) . The absence of no apparent lower or upper threshold is a clear indication that IR dose is not the only defining factor for the harmful effects of IR, and the responses are unlikely to be linear.
Multiple factors may be involved in the development of CV diseases following IR exposure, which may be compounded by other factors during spaceflight. For instance, MRI measurements obtained from four astronauts following a 10-day space mission revealed an ϳ12% decrease in left ventricular (LV) mass (10, 15) , most likely due to effects of zero or near zero gravity. Changes in gravity could also lead to transient ischemia that may affect heart function and produce major changes in the heart perfusion (61). This means that major cell types in the heart may play a role in tissue remodeling and IR responses that are critical in maintaining the heart function.
Cardiomyocytes (CMs) are the basic contractile cells within the heart, whose function directly influences the pathogenesis of heart disease and the development of heart failure (75) . Examination of the molecular response in CMs after insults caused by exposure to IR, such as particle radiation (proton and iron) at low doses, is important for our understanding of CV system function during and after exploration-type space missions. It is well known that, at both low and high doses, the activation of multiple biological pathways by IR is dose dependent (2, 76) . Previous studies have characterized high-dose effects in CMs, which are functionally IR resistant to acute exposures (35, 58) . Gene expression in CMs at high doses of IR has shown that the primary response is to upregulate gene transcription (7) . There is little information available on how low doses of particle radiation may affect CMs or what regulatory mechanisms are responsive.
The objective of the present study is to characterize the effects of whole body radiation exposure to low-dose, highenergy proton (90 cGy, 1 GeV) and low-dose HZE particle iron [15 cGy, 1 GeV/nucleon (n)] on the gene expression and regulatory pathways in isolated LV CMs using a murine model with sampling at 1, 3, 7, 14, and 28 days after exposure.
MATERIALS AND METHODS

IR and Dosimetry
Whole body IR of adult (8 -9 mo old) male C57Bl/6NT (Taconic) mice was performed at the NASA Space Radiation Laboratory (NSRL) at Brookhaven National Laboratory (Upton, NY). Using dose rates between 0.05 and 0.17 Gy/min, iron and proton, respectively, 0.15 Gy was delivered using 1 GeV/n iron ions (LET ϳ151 keV/m) or 0.9 Gy at 1 GeV energy protons (LET ϳ0.22 keV/m). All mice were handled in accordance with the guidelines set, reviewed, and approved by the International Animal Care and Use Committees (IACUC) at both GeneSys Research Institute and Brookhaven National Labs.
Cardiac Cell Isolation
Primary LV cardiac cells from 8 -9 mo old C57Bl/6NT mice were isolated using standard preparation protocol that included cannulation of the aorta and collagenase digestion, followed by a Ca 2ϩ gradient selection (25, 32, 33, 42) . This procedure yielded Ͼ90% of Ca 2ϩ -tolerant CMs. The resulting cell suspension could contain a small population of inflammatory and/or endothelial cells. Following isolation of CMs, RNA was extracted via TRIzol (Life Technologies, Grand Island, NY), according to the manufacturer's instructions. RNA quality and quantity were assessed using the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).
Gene Expression Microarrays and Data Analysis
Expression arrays were chosen to delineate differences between controls (sham IR) and IR samples (protons or iron particle IR vs. sham IR samples). The arrays were also selected to compare proton vs. iron IR samples across same time points. For genomewide expression profiling, the Affymetrix GeneChip 1.0ST array system was used at the Boston University School of Medicine Microarray Core Facility. For iron IR samples, there were a total of 15 microarrays that were from individual mouse samples separated into three per group for the non-IR controls, day 1 as well as day 3 after IR (3 replicate arrays), or two per group (2 replicate arrays) at days 7, 14, or 28 after IR. For proton samples, a total of 14 microarrays included three mice per group for non-IR controls and day 3 after IR (3 replicate arrays), or two mice per group at days 1, 7, 14, or 28 after IR (2 replicate arrays). The log 2 transformation data were normalized and background corrected. Statistical analysis was performed using a one-way ANOVA. A cutoff P value Ͻ0.05 resulted in 5,220 genes for the iron and 1,651 genes for the proton datasets. Adjustment with the Benjamini-Hochberg correction method for a false discovery rate (FDR) Ͻ10% resulted in 1,538 genes in the iron dataset (5) . The data were then filtered for all samples with an average signal above background noise using a minimum cutoff value of 20 and at least one sample group with a Ͼ1.5-fold change up-or downregulated compared with the non-IR control, resulting in 400 unique genes. There were, however, no genes in the proton dataset that satisfied the FDR cutoff Ͻ10%. Raising this threshold to FDR Ͻ33% resulted in only 133 genes, but additional filtering for an average signal Ͼ20 for all samples and greater than Ϯ1.5-fold-change reduced this gene list to only 21 genes. Analysis for iron vs. proton also used the log 2 transformation of data for robust means analysis normalized and background corrected microarray signals. Statistical analysis focused on filtering data with Ͼ1.5-fold up-or downregulated and a FDR ϭ 5% to identify significant genes for pathway analysis, as described below. All microarray data were uploaded to the Gene Expression Omnibus repository (http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE68876.
Biological Pathway Analysis
Functional analysis and predicted upstream regulators were performed through the use of Ingenuity Pathway Analysis (IPA) core analysis software (Ingenuity Systems, http://www.ingenuity.com) and Database for Annotation, Visualization and Integrated Discovery (DAVID; at https://david.ncifcrf.gov) (29) . Limited pathway analysis was performed on the proton dataset due to a small number of genes meeting the statistical significance cutoff. The 400 significant genes list from the iron dataset were uploaded and resulted in a total of 381 annotated genes. The core analysis performed for each time point resulted in 164, 215, 193, 83, and 162 gene lists for days 1, 3, 7, 14, or 28, respectively. The TFactS website (http://www.tfacts.org) (23) was used to predict which transcription factors (TFs) were regulated based on the total lists of upregulated and downregulated ironresponsive genes generated across the microarray experiments. Significant TFs and potential genes regulated were identified based on a multiple parameter P Ͻ 0.05. Functional categories or individual upstream regulators with a P Ͻ 0.05 and a z-score above ϩ2.0 (activated) or below Ϫ2.0 (inhibited) were considered significant within IPA.
Western Blot Analysis
A portion of the LV (3 ϫ 3 mm) was collected from non-IR/ control and iron-IR mice on days 7, 14, and 28 and was lysed using RIPA lysis buffer (Fisher Scientific, Pittsburgh, PA) to prepare whole tissue lysates. Total protein was quantified using Bradford assay analysis so as to load equal amounts of 50 g total protein for each sample. Lysates were then assayed by Western blotting after SDS-PAGE analysis using phosphorylation-specific NFATc4 (nuclear factor of activated T cells, cytoplasmic, calcineurindependent 4) (Ser168/170, Santa Cruz Biotechnology, Santa Cruz, CA), p38 (Thr180/Tyr182), JNK (Thr182/Tyr185), and ERK1/2 (p44/42, all antibodies from Cell Signaling, Danvers, MA), GATA4 (Ser105, from SAB Signalway Antibody, College Park, MD), and STAT3 (Tyr705, NeoBiolab, Woburn, MA) primary antibodies. We also assayed for specific total protein levels using antibodies against NFATc4 (Santa Cruz Biotechnology), p38, JNK, and ERK1/2 (all antibodies from Cell Signaling), and GATA4 and STAT3 (both antibodies from Bethyl Laboratories, Montgomery, TX). Proteins were visualized using a goat antirabbit horseradish peroxidase-conjugated secondary antibody (Cell Signaling) and ECL enhanced chemiluminescence (Amersham).
Electrophoretic Mobility Shift Assay
Electrophoretic mobility shift assay (EMSA) analysis was performed using the method previously described (52, 81) . Nuclear extracts were prepared from heart tissue of iron-IR or sham-IR mice. Tissue pieces were homogenized in lysis buffer containing 10 mM HEPES, pH 8.0, 10 mM KCl, 2 mM MgCl 2, 1 mM dithiothrietol, 0.1 mM EDTA, 0.1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, 10 l of protease inhibitor (Sigma-Aldrich), and 0.2% Nonidet P-40. The total protein concentration in each sample was measured using the bicinchoninic acid method following the manufacturer's protocol (Pierce, Rockford, IL). The EMSA was performed using a double-stranded oligonucleotides of nuclear factor (NF)-B, STAT3, and GATA4 (NF-B: 5=-AGT TGA GGG GAC TTT CCC ACG C-3=; STAT3: 5=-GAT CCT TCT GGG AAT TCC TAG ATC-3=, and GATA4: 5=-CAC TTG ATA ACA GAA AGT GAT AAC TCT-3=) end-labeled with T 4 polynucleotide kinase. Super shift assays were performed using rabbit polyclonal antibodies raised against 1) a peptide mapping the COOH-terminus of NF-B p65 (Santa Cruz Biotechnology); 2) amino acid residues of 675-725 of full-length STAT3 (Bethyl Laboratories, Montgomery, TX); and 3) amino acid residues of 392-442 of full-length GATA4 (Bethyl Laboratories, Montgomery, TX). The nuclear extract of heart samples from mice that are either sham-IR or exposed to iron-IR was preincubated with 1 g of antibody against either NF-B, GATA4, or STAT3 for 20 min at room temperature before the addition of ␥-32 P-labeled consensus oligonucleotides of respective TF. For competition assay, the nuclear extracts (20 g) were preincubated with homologous unlabeled NF-B, STAT3, or GATA4 oligonucleotide (in excess of 50 -100 times of the labeled probe concentration) for 5 min on ice, followed by addition of ␥-32 P-labeled probes of respective TFs. All samples were electrophoresed at 100 V through 6% polyacrylamide gels in Tris-glycine buffer (25 mM Tris, 190 mM glycine, and 1 mM EDTA). DNA binding activity of TFs was estimated by subjecting the dried gel to phosphor imaging using a Bio-Rad Phosphor Imaging System (GS-525; Bio-Rad, Hercules, CA) or to expose to X-ray film and semiquantitated using National Institutes of Health (NIH) Image J integrated density program.
Cardiac Physiology Studies
Echocardiography. Animals were lightly anesthetized with isoflurane vaporized in O 2 (1.5-2%) at the rate of 1 l/min using a nose cone on a warming pad post-body weight measurement. Two-dimensional guided M-mode echocardiography was performed with a 15-MHz (15-6L) pediatric open heart surgery transducer (Agilent Technologies, Santa Clara, CA), as detailed earlier (19) . At least five sequential beats were analyzed (n ϭ 6 -8/group). Heart rate, LV end-diastolic diameter (EDD) and end-systolic diameter (ESD), and LV wall thickness were measured. LV ejection fraction percent (EF%) and fractional shortening percent (FS%) were calculated using standard formulas EF% ϭ (EDV Ϫ ESV)/EDV ϫ 100 and FS% ϭ (EDD Ϫ ESD)/EDD ϫ 100.
Hemodynamic measurements. For hemodynamic analysis post-IR, in vivo LV pressure measurements were performed by direct LV catheterization using Millar Mikro-Tip Blood Pressure System (1.2F, SciSense, Ithaca, NY) (n ϭ 6 -8/group), as described previously (19) .
Heart rate, LV systolic pressure, LV end-diastolic pressure, maximum change in pressure over time, and minimum change in pressure over time were also recorded.
Cardiac fibrosis (Masson's Trichrome staining).
To determine the effects of low-dose 56 Fe-IR on IR-induced cardiac fibrosis 1 mo post-IR, serial 10-m sections of cardiac tissue were processed for Masson's Trichrome staining (Electron Microscopy Sciences, Hatfield, PA), and random regions of the heart were imaged at ϫ200 (n ϭ 20 images/sample per group) to be analyzed using Image-J program (version 1.40, NIH) to quantify for percentage of fibrosis (blue pixels).
Immunofluorescence Staining and Analysis
Ventricular tissue cross sections (6 -8 m) of OCT embedded heart tissue from sham-IR and 56 Fe ion-IR mice, collected at 1, 7, 14, and 28 days post-IR, were fixed in 4% paraformaldehyde for 15 min at room temperature and washed with 1ϫ phosphate-buffered saline for 5 min. Sections were permeabilized with 0.1% Triton X-100 (Sigma, St. Louis, MO) for 20 min at room temperature and washed three times in 1ϫ phosphate-buffered saline for 5 min. To evaluate inflammatory infiltration, the expression of CD68, a glycoprotein normally expressed on macrophages, also known in mice as macrosialin, was quantified. Heart tissue sections were stained with rat anti-mouse CD68 monoclonal antibody (AbD Serotec, Raleigh, NC), along with Alexa-488 goat anti-rat secondary antibody (Life Technologies). Topro-3 was used to visualize nuclei (Life Technologies). The immunostained sections were examined using laser scanning confocal microscope (LSM 510 Meta, ZEISS, Thornwood, NY) at ϫ400 magnification. Data was obtained from three replicate samples for sham-IR and 56 Fe ion-IR cardiac tissues at each time point. Using a computer-assisted image analysis algorithm based on pixel and color distribution for CD68, staining was evaluated and graphs were plotted.
Quantitative RT-PCR Analysis
Total RNA isolated from CMs, as detailed in the section above, were converted to cDNA using the TaqMan Reverse Transcription Kit (Life Technologies). The quantitative RT (qRT)-PCR was performed on five target genes [insulin-like growth factor-binding protein 6 (IGFBP6), chemokine (C-C motif) receptor 9 (CCR9), a disintegrin and metalloprotease 19 (ADAM19), D site-binding protein (DBP), and GAPDH] to confirm our findings in gene expression microarray analysis for CMs isolated from 15 cGy full-body 56 Fe-IR mice at various time points postexposure. The samples were analyzed using Applied Biosystems 7300 Real-Time PCR machine and software.
Statistical Analysis
Data are expressed as means Ϯ SE. Significant differences were evaluated using the Student t-test, one-way ANOVA, right-tailed Fisher's exact test, and 2 when appropriate.
RESULTS
Significant Changes in Transcriptional Activity over 1 mo after Low-Dose High-Energy Particle Radiation Exposure
Primary ventricular CMs were isolated to examine the temporal response following whole body in vivo exposure of adult 8-to 9-mo-old C57Bl/6NT mice to 15 cGy of 1 GeV/n iron ions or 90 cGy of 1 GeV protons. A total of 29 microarrays were used to analyze global gene expression changes. Following standard preprocessing methods, P values were corrected for multiple hypothesis testing (FDR Ͻ 10%), and genes were chosen that displayed significant expression above background as well as displayed at least a Ϯ1.5-fold change. This resulted in 400 significantly expressed genes for the iron dataset (Fig. 1A , ANOVA P value Ͻ 7.22 ϫ 10
Ϫ3
; FDR Ͻ 10%). The majority of these genes dis-played a clear increase on days 7 and 28 that was absent on days 1, 3, and 14 ( Fig. 1, A and C) . No genes were significantly expressed in the proton dataset with the same filtering criteria used for iron exposure. In fact, raising the FDR cutoff (FDR Ͻ 33%) resulted in only 21 genes for proton dataset (Fig. 1B) . Furthermore, there were only four genes in common (Car14, Dbp, Lcn2, and Trim7) between the iron's 400 gene set (FDR Ͻ 10%) and the proton's 21 gene set (FDR Ͻ 33%). This data highlights the very distinct biological response to low-dose (15 cGy, 1 GeV/n) iron particle IR. 56 Fe-IR over 1 mo CD68 analysis for macrophage infiltration in heart tissue of mice exposed to full-body, low-dose 56 Fe-IR demonstrated a delayed yet significant increase in inflammatory response by days 14 and 28 post-IR (Fig. 2) . By day 14, there was a twofold increase in inflammatory cells compared with control, followed by a slight decrease by day 28, which was still ϳ35% higher than control tissue ( Fe-IR. A: representative ϫ400 confocal microscopy images for immunostaining with macrophage marker CD68 (green) and Topro-3 stained nuclei (red) in heart tissue after a single, low-dose, fullbody 56 Fe-IR in mice on days 1, 7, 14, and 28 post-IR, along with respective non-IR controls (CTRL). Note, when CD68-green cytoplasmic staining is overlaid with nuclei red staining, it appears as yellow/green staining. B: graphic representation of %change in CD68 positive (ϩ) cells in the heart tissue of non-IR control and 56 Fe-IR mice at 24 h and up to 28 days post-IR. CD68 (ϩ) cells in control hearts were set at 100% (dash-dotted line). Values are means Ϯ SE; n ϭ 6 -8 animals per time point/group for sham-IR controls and 56 Fe-IR groups. Statistical significance was assigned when P Ͻ 0.05. *P Ͻ 0.0001 and **P Ͻ 0.04 for control vs. weeks after initial exposure may lead to release of various cytokines, superoxide, nitric oxide, and other signaling molecules by immune cells (i.e., macrophages), which are capable of causing oxidative tissue damage (50) .
Delayed Increase in Inflammatory Responses after
Functional Analysis Reveals Time-Dependent Responses
To better understand the biological implications of the gene expression results, IPA's functional annotation library was used to analyze the 381 annotated genes of the 400 differential iron gene set. The analysis identified categories that were most statistically significant to the data set using a P value threshold and predicted activation or inhibition of that category by z-score ( Table 1) . As might be expected with radiation exposure, there was an increase in cell death, necrosis, and apoptosis appearing 7 days after IR that was reversed at days 14 and 28, when apoptotic-related genes were decreased and survival was increased. Free radical scavenging production was also found to be increased on days 7 and 28, while earlier on day 3, synthesis and production were decreased. There were also a significant number of genes associated with inflammation found in these categories. On days 1 and 3, there was an inhibition in genes with a functional association with arthritis, rheumatic disease, and inflammation. This was in contrast to the increase in this category seen on day 7 after IR.
Additionally, hematological system development and function, cell-to-cell binding, and molecular transport were also activated on day 7 (Table 1) . By day 14 following exposure, there was a general lack of significantly expressed genes with predicted inhibition in functional categories, including inflammation and cell-to-cell activation. At the last time point, 28 days after IR, there were again a number of functional categories with increased as well as inhibited activity that was reminiscent of a wavelike response to high doses of low-LET gamma-ray exposures (47) . Network diagrams of functional categories for cell death and survival, free radical scavenging, and inflammation were created (data not shown). The genes within these networks again emphasized early decreases in gene expression on days 1 and 3 that were increased on day 7.
To help explain the cause of the changes in gene expression, predicted upstream regulator activity was analyzed based on changes in downstream target genes identified in the 400 differential gene set. There were two notable types of upstream regulators, cytokines and transcriptional regulators, that may regulate the genes we identified. Table 2 highlights the global transcription binding factors that were indicated as playing a role in up-or downregulation after iron exposure, regardless of time after exposure. TFs were selected using http://www.tfacts.org based on inputting a gene list. Significant regulators were selected based on P Ͻ 0.05 and FDR Ͻ 10%. Table 2 identifies the number of genes within the microarray dataset, as well as the number of potential known target genes. A total of 12 major TFs Functional categories were examined by day and considered significant with a z-score Ͼ 2.0, activated, or below less than Ϫ2.0, inhibited. Right-tailed Fisher's exact test was used to calculate a P value determining the probability that each biological function and/or disease assigned to that data set is due to chance alone.
were identified as significant for upregulation, while 14 factors played a role in downregulation. TFs such as Notch1, ETS1, SP1, CREB1, and RBPJ were identified on both lists, indicating a significant role in up-and downregulation, which may be associated with the cyclic nature of iron IR-associated signaling in CM over time. Table 3 highlights cytokines and TFs that were also indicated as playing a role in up-or downregulation after iron exposure as a function of days post-IR. Networks by day for the predicted upstream regulators and downstream targets were created (Fig. 3) . The networks with a large number of affected downstream gene expression activity were found on days 1, 3, and 7 (Fig. 3, A-C) . The same upstream regulators were predicted to be inhibited on days 1 and 3, such as NFKB1A (day 1, P Ͻ 4.76E-05 and day 3, P Ͻ 9.72E-06), interleukin (IL)-10 (day 1, P Ͻ 1.75E-05 and day 3, P Ͻ 3.67E-07), and HTT (day 1, P Ͻ 6.54E-05 and day 3, P Ͻ 1.44E-05), whereas MYC (day 1, P Ͻ 4.87E-06 and day 3, P Ͻ 1.73E-05) was activated on both days. The effect on downstream gene targets on days 1 and 3 clearly depicted a strong decrease in gene expression activity as an early response to iron IR. However, on day 7, a different set of upstream regulators (IFN-␥, IL-1␤, TNF-␣, IL-10) were predicted, most of which were activated and may induce the general increase in gene expression activity noted earlier (Fig. 3C) .
There was a time-dependent change in gene expression that results in an overall increase in the activity of several TFs (upregulated: CEBPA, Notch1, SFPI1, STAT3; and downregulated: STAT6 and ARNTL) by day 7 post-IR (Table 3) . On day 14, several developmental TFs (TBX5, GATA4, MEF2C) that are required for the maintenance of cardiac morphogenesis, myogenesis, vascular development, and protection from pressure overload-induced heart failure were activated (6, 30, 55) .
To identify time-independent changes in biological pathways, we also analyzed differences between iron and proton arrays to identified 1,387 transcripts (P ϭ 0.05 and FDR ϭ 5%). These were further analyzed in DAVID to identify global KEGG pathways in IPA and NIH DAVID. The top five significant pathways identified were Parkinson's disease, Alz- Iron-modulated genes are shown based on analysis within http://www.tfacts.org that identify significant transcription factors (P Ͻ 0.05) based on genes profiled on the microarray compared with possible regulated target genes. heimer's, oxidative phosphorylation, cardiac muscle contraction, and Huntington's disease, followed by hypertrophic cardiomyopathy and dilated cardiomyopathy (Table 4) . These top five significant pathways shared the majority of transcripts that were involved in mitochondrial and oxidative phosphorylation function (specified in italic font in Table 4 ), illustrating the interrelationship between the same oxidative phosphorylation genes that play a role in neurodegenerative and CV disorders/ diseases.
Quantitative Real-Time PCR Confirmed MICROARRAYBased Time-Dependent Gene Expression Responses up to 28 Days after Low-Dose High-Energy Particle Radiation Exposure in CMs
To determine the effects of full-body 56 Fe-IR on expression of few selected genes, total RNA from 56 Fe-IR CMs were processed for qRT-PCR. We examined the gene expression in our 56 Fe-IR CM samples at 1 and 3 days, as well as 14 and 28 days, post-IR for comparison to the microarray analysis. The qRT-PCR data for DBP demonstrated an ϳ3.6-fold and ϳ4.4-fold decrease in expression by 28 days compared with day 1 and 3 time points post-IR, respectively (Fig. 4A, open bars) . This was consistent with the trend observed in microarray analysis, which showed an ϳ3.8-fold and ϳ3.2-fold decrease by 28 days compared with 1-and 3-day time points, respectively (Fig. 4A, solid bars) . This decrease in gene expression at 28 days by qRT-PCR analysis was significant compared with both earlier time points, 1 and 3 days. To further confirm our microarray findings, two other genes, ADAM19 and CCR9, that demonstrated an ϳ2.5-3.3-fold and ϳ4.1-4.7-fold increase respectively, in expression by 28 days, compared with 1-and 3-day time points (Fig. 4 , B and C, solid bars), were also analyzed for qRT-PCR. As expected, the qRT-PCR data showed a similar trend in modulation of gene expression, where we observed an ϳ4.8-to 8.9-fold and Ͼ100-to 150-fold increase in ADAM19 and CCR9, respectively, by 28 days compared with 1-and 3-day time points (Fig. 4, B   Fig. 3 . Downstream gene targets of predicted cytokine and transcriptional regulators. Networks were generated using Ingenuity Pathway Analysis (IPA) for gene expression relative to non-IR control for day 1 (A), day 3 (B), day 7 (C), day 14 (D), or day 28 (E) after iron-IR. Gene expression signal is colored red (upregulated) or green (downregulated), while predicted upstream regulators have a larger font size and are colored orange (activated) or blue (inhibited).
and C, open bars). This increase in gene expression at 28 days by qRT-PCR analysis was significant compared with both earlier time points, 1 and 3 days. We also looked at the later time point gene expression for another gene, IGFBP6, which demonstrated a significant ϳ3.1-fold increase by 28 days compared with 14 days (Fig. 4D, open bars) . This trend for gene expression was consistent with our observations using microarrays for IGFPB6, where there was a significant approximately twofold increase by 28 days vs. 14 days (Fig.  4D, solid bars) .
Activation of TFs Play a Role in Gene Regulation after Iron Exposure
EMSA was used to detect and validate selected TFs modulated in response to iron-IR. We chose to validate three key TFs identified that play a major role in CM maintenance and function (22, 57, 66) and by microarray analysis (Table 3) , namely STAT3, GATA4, and NF-B using EMSA (Fig. 5) . Heart tissues were sampled before (controls), and 7, 14, and 28 days after iron exposure. Induction of STAT3 activation showed a cyclic response with increased detection of DNA binding activity in control samples. The activation level at 7 days after exposure was similar to that of control (Fig. 5, A  and B) . The levels of STAT3 activation were, however, decreased at 14 days post-IR and then increased again at 28 days. The TF GATA4, on the other hand, had a consistent upregulation at 7, 14, and 28 days compared with sham-IR controls. Compared with controls, the levels of GATA4 DNA-binding activity were 1.5-, 3.2-, and 3-fold increased at 7, 14, and 28 days post-IR, respectively (Fig. 5, A and C) . NF-B DNA binding activity was at the detectable level in the control samples. Compared with control in IR-exposed samples, NF-B showed suppression at 7, 14, and 28 days after iron exposure (Fig. 5, A and D) , suggesting that this could be a compensatory response to a development of pressure overload-induced cardiac dysfunction (66) . To confirm that the DNA-binding activity was due to specific binding of STAT3, GATA4, and NF-B to their sequencespecific oligonucleotide, a competition binding assay was performed. Nuclear extracts obtained from heart tissue samples were preincubated in the presence or absence of homologous unlabeled (cold) oligonucleotide competitor identical to the respective TF oligonucleotide-specific probes. As shown (Fig. 5A, left) , the DNA binding activity was competitively reduced by the addition of homologous unlabeled oligonucleotides. The competitive inhibition of the DNA binding activity confirmed STAT3, GATA4, and NF-B-specific binding. Super shift assays were used to further confirm the validity of these results (Fig. 5E) , which links key transcriptional regulatory nodes identified by gene expression to functional protein-DNA complexes being modulated over 28 days after iron exposure.
JNK, ERK1/2, GATA4, and STAT3 are Modulated by Iron IR
Phosphorylation on residues threonine-183 and tyrosine-185 is required for activation of JNK (37) . Western blot analysis was performed to compare JNK activation over time at 7, 14, and 28 days after 56 Fe-IR. Compared with control, 56 Fe-IR resulted in nonsignificant yet similar elevated activation levels of JNK at days 7 and 14 post-IR, which normalized to control levels by day 28 (Fig. 6, A and B) . At the same time, 56 Fe-IR caused a significant approximately fourfold decrease (P Ͻ 0.04) in the phosphorylation levels of ERK1/2 at all examined time points post-IR compared with control (Fig. 6, C and D) . We also examined the phosphorylation levels of GATA4 at serine-105 and STAT3 at tyrosine-705, and intensity of the bands was normalized to that of GAPDH on the respective membranes. Time course analysis revealed that GATA4 levels at day 7 were similar to those of control, but were significantly elevated by day 14 after 56 Fe-IR (Fig. 6, E and F) . However, this approximately fivefold increase at day 14 (compared with control) was followed by a significant (ϳ10-fold) decrease by day 28 compared with day 14 and were comparable to control levels (Fig. 6, E and F) . STAT3 phosphorylation levels remained comparable to nonexposed control mice hearts at 7 and 14 days post-IR (Fig. 6, G and H) . This was followed by a significant approximately three-to sixfold increase at day 28 compared with control, day 7, and day 14 (Fig. 6, G  and H) . 
Cardiac Physiology and Fibrosis
Postradiation with low-dose 1 H-IR and 56 Fe-IR, mice in all groups, including sham controls, did not demonstrate any signs of stress, loss of body weight, reduction in food intake, or loss of physical activity, with average body weights of mice for all study groups in the range of 29.46 -34 g. No considerable change was observed in EF% at 1 mo post-IR (Fig. 7A) . However, hemodynamic and echocardiography analysis showed that, in 56 Fe-IR hearts, LV posterior wall thickness was slightly increased at 1 mo (Fig. 7B) , which was associated with slightly higher LV end-diastolic pressure (Fig. 7D) , as well as significant decreases in LV maximum change in pressure over time and LV minimum change in pressure over time (Fig. 7E) , suggesting that 56 Fe-IR hearts developed systolic and diastolic dysfunction, indicative of possible hear failure in development, as early as 1 mo post-IR. Average whole heart weight measurements at 1 mo post-IR performed during hemodynamic analysis were in the range of 0.133-0.14 g for all groups.
In contrast to the common expectation that ionizing radiation, especially at moderate and high doses, increases cardiac fibrosis months after exposure (67), we found a significant twofold decrease in cardiac fibrosis at 1 mo after low-dose, full-body 56 Fe-IR (Fig. 7F) . These findings may suggest different mechanisms of IR-induced injury for low and high doses, as well as after terrestrial vs. particle radiation, and preclude the simple extrapolation of previously known effects of IR in biological tissues, including heart (28).
Iron Heavy Particles Activate p38 MAPK
The activation of p38 requires phosphorylation on residues threonine-180 and tyrosine-182 (60) . Therefore, we used phospho-specific anti-p38 antibody and performed Western blot analysis to compare p38 kinase activation in response to iron-IR. Phosphorylated and total p38 proteins were measured. Time course analysis revealed that p38 was phosphorylated after iron exposure compared with the control (Fig. 8A) . Iron-IR showed increased p38 phosphorylation (activation) in and GATA4, and inhibition of NF-B DNA-binding activity after iron-IR. Left: EMSA was performed using 20 g of nuclear protein isolated from heart tissue of control mice and respective free probe. Middle: EMSA was performed using 20 g of nuclear protein isolated from heart tissue of iron-IR mice at 7, 14, and 28 days post-IR. Please note that data in the left and middle were derived from the same autoradiograph, and original blots were spliced to remove the 24-h time point due to no significant relevance for validation of IPA prediction. Right: specificity of binding activity of iron IR-induced TF activation is confirmed by competition assay. Significant decrease in STAT3, GATA4, and NF-B binding activity in the presence of respective competitor (lane 2) confirmed the specificity. B-D: graphic representation of the percent change in STAT3, GATA4, and NF-B DNA binding activity, respectively, on days 7, 14, and 28, compared with control samples. Values are means Ϯ SE of the pooled data from n ϭ 2-3 animals per time point/group for non-IR control and iron-IR groups. Statistical significance was assigned when P Ͻ 0.05. E: super shift assay performed with factor-specific antibodies (Ab) for NF-B, GATA4, and STAT3. Note that NF-B factor-specific Ab showed a significant super shift (left), whereas GATA4 and STAT3 Ab revealed a competitor effect. Decreases in the GATA4 and STAT3 band intensities are indicated by arrows (middle and right). . Western blotting validates differential regulation and signaling in response to iron radiation. A small portion of the left ventricle (3 ϫ 3 mm) from 3 animals per treatment condition was homogenized, and the total protein was isolated and then processed for Western blot analyses. Representative Western blot scans are shown of heart tissue homogenates from controls and iron-IR mice at days 7, 14, and 28 post-IR. Bands represent phosphorylated (p) and total (T) levels for JNK and GAPDH (A), GATA4 and GAPDH (C), ERK1/2 and GAPDH (E), and STAT3 and GAPDH (G). Quantification and graphic representation are shown of total protein levels and phosphorylation using densitometric analysis of phospho-band intensities after adjusting for corresponding loading controls and total levels for p-JNK (Thr183/Tyr185; B), p-ERK1/2 (D), p-GATA4 (Ser105; F), and p-STAT3 (Tyr705; H). Results in graphs are means Ϯ SE of the pooled data from n ϭ 3-5 animals per time point/group for non-IR control and iron-IR mice at days 7, 14, and day 28 post-IR. Statistical significance was assigned when P Ͻ 0.05. day 7 samples (Fig. 8A, top) . A similar signal intensity response was observed in day 14 hearts (Fig. 8A, middle) after iron exposure, indicating continued activation. In contrast, by day 28 (Fig. 8A, bottom) , the iron modulated signal was significantly decreased compared with control. NFATc4 under basal unstimulated condition remains highly phosphorylated and inactive (79) , and dephosphorylation of NFATc4 results in its activation. NFATc4 is associated with initiation of multiple biological processes, including cytokine gene expression, adipocyte differentiation, and adult cardiac hypertrophy (12, 24) . Therefore, we used phospho-specific antibodies against the NFATc4 homology domain to perform Western blot analysis to compare NFATc4 activation in response to iron-IR. Time course analysis revealed that NFATc4 was significantly dephosphorylated after iron exposure compared with the controls (Fig. 8B) . NFATc4 dephosphorylation levels remained lower than in nonexposed cells at 7, 14, and 28 days, suggesting activation of cardiac hypertrophy signaling in iron-IR mice hearts. However, by day 28 (Fig. 8B, bottom) compared with non-IR/control samples, the iron-exposed samples started to show increased levels of NFATc4 phosphorylation (Ͻ2-fold difference at day 28 vs. 3.5-and 2.5-fold at days 7 and 14, respectively), indicating a possible p38 regulation, i.e., the decrease in the p38 phosphorylation by day 28 (Fig. 8A, bottom) .
DISCUSSION
Full-body, low-dose space IR-induced responses in CMs may be radiation-type dependent and have long-lasting effects. Determining alterations on the systems level in CM gene expression and function is paramount to our understanding of degenerative CV risks associated with space IR. Our studies revealed an immense complexity of RNA transcription, regulation of biological pathways, including, but not limited to, inflammation, immune cell trafficking, DNA damage, and repair and free-radical scavenging following iron IR (15 cGy, 1 GeV/n) over 28 days after exposure.
Whole body iron-IR exposure has previously been shown to increase in vivo aortic stiffness and ex vivo aortic tension as long as 6 -8 mo after a single 1-Gy but not 0.5-Gy exposure (62) . Aortic lesions were also found to be increased 13 wk following targeted 2-to 5-Gy iron-IR in apolipoprotein E-deficient mice (82) . Using gene expression microarrays, we profiled the transcriptional changes in isolated CMs from whole body iron-and proton-IR mice from days to weeks after exposure. Proton-IR at 90 cGy and 1 GeV energy failed to elicit a robust alteration in significant gene expression compared with non-IR controls. However, iron exposure at 15 cGy and 1 GeV/n resulted in significant alterations in many genes that were similarly downregulated after exposure at 1 and 3 days but fluctuated at 7, 14, and 28 days. The use of qRT-PCR validated differential transcript responses over these same time periods. Although the fold changes were not identical, the direction of the transcript modulations was similar for the different time points.
It is well known that the biological effectiveness of ionizing radiation for cell cytotoxicity, mutagenesis, and carcinogenesis can differ with the type of IR exposure. However, the molecular mechanisms for the different responses are not clear. A number of studies have suggested that the biological and molecular response to very low doses and dose rates of gamma-IR may be different from that of high doses (2, 76, 80) , and that the response to very high, ablative, doses of IR may also be unique. Whether there are unique responses based on particle quality is also unknown. Several studies have looked at comparisons between different qualities of particles over limited time points or in different cells or model systems. One of the major findings is that common genes changed as a function of particle energy (20) . It has been identified that cytokines and TFs, such as NF-B can be modulated by HZE particles (21) . However, many of these aforementioned comparative studies focused on other model systems, such as the rat hippocampus or human bronchial epithelial cell line (HEBC3 KT). This study demonstrates that CMs are also differentially responsive to low doses of iron HZE particles.
Given the excess risk modeled for lung cancer for HZE particle exposure in the human bronchial epithelial cell line (HEBC3 KT), a nononcogenically immortalized cell line that does not form tumors in immune-compromised mice was used (20) . To provide a comprehensive picture of cellular responses at the molecular level, the global transcriptome changes in HEBC3 KT at three LETs, the very low LET of ␥-rays (0.2 keV/m), an intermediate LET (40 keV/m) of 1 GeV/n of 28 Si, and that of 1 GeV/n 56 Fe (150 keV/m, an LET that is at or near the maximum relative biological effectiveness for a number of endpoints), were examined (20) . As others have reported, cell survival was LET dependent (20, 21, 64) .
The studies in this paper identified different genes as modulated compared with the aforementioned studies using other cell lines such as HEBC3 KT cells (20, 21) . There are multiple reasons for these differences in our iron exposure data, which include the cell type (CMs), dose (15 cGy), and time (up to 28 days) after whole body exposure in mice. Despite the low level of gene concordance, there were similarities between this work and the two different published studies, including increased pathway responses elicited by iron particle exposures. In the Ding et al. 2013 study (20) of the five major pathways, they identified that iron-IR always showed the greatest level of Bands represent p-and T-p38, and GAPDH was used as loading control. Quantification and graphic representation is shown of total protein levels and phosphorylation using densitometric analysis of phospho-band intensities after adjusting for corresponding GAPDH and total p38 band intensities. B: representative Western blot scans of heart tissue homogenates from controls and iron-IR mice at days 7, 14, and 28 post-IR. Bands represent p-and T-NFATc4 (nuclear factor of activated T cells, cytoplasmic, calcineurin-dependent 4), and actinin was used as loading control. Quantification and graphic representation is shown of total protein levels and phosphorylation using densitometric analysis of phospho-band intensities after adjusting for corresponding actinin and total NFATc4 band intensities. Results are means Ϯ SE of the pooled data from n ϭ 3 animals per time point/group for non-IR control (solid bars) and iron-IR (open bars) mice at days 7 14, and 28 post-IR. Statistical significance was assigned when P Ͻ 0.05. differential responses as measured by significance analysis. However, unlike our findings, the Ding et al. papers did not include protons for comparison (20) . Pathway analysis also showed similar major themes to include cellular growth and proliferation, cytokine regulation, and cell cycle. The similarities also included pathways associated with p53, the DNA response pathway, as well as pathways associated with apoptosis (Fig. 3) . All of these pathways generally appear to be regulated by IR responses or other genotoxic responses (2, 6, 20, 21, 76) . Our finding demonstrates that these pathways normally associated with higher dose responses extend down to 15 cGy iron-IR exposures over a period of ϳ1 mo. The fact that genes may differ between studies may not be as important as identifying their linkage with major biological pathways that are shared across multiple studies and serve similar functions across cells and tissue systems, which may drive cell fate. Alterations in functional cardiac physiology from low dose of iron-IR may be directly linked to molecular mechanisms that are identified as iron responsive in CMs. Major biological pathway analysis illustrates that multiple disease-related pathways, such as cardiomyopathies and neurological disorders, are affected by iron-IR, and these common pathways are linked by molecular mechanisms associated with mitochondrial function, as well as oxidative phosphorylation (Table 4 ). The top five significant pathways identified were Parkinson's disease, Alzheimer's, oxidative phosphorylation, cardiac muscle contraction, and Huntington's, and all share many of the same energyrelated transcripts. These five pathways were followed by hypertrophic and dilated cardiomyopathy pathways (Table 4) . The significant transcript overlap between neurodegenerative disease pathways with cardiac muscle-specific pathways was surprising, given that we focused only on CMs. However, these findings may substantiate a possible common underlying molecular mechanism for IR-induced neurodegenerative and cardio-degenerative diseases.
Our gene profile studies were predictive for activation of specific TFs and signaling pathways that controlled validated transcripts identified within this study. We focused on validating our microarray finding by characterizing STAT3, GATA4, and NF-B TFs using EMSAs. The EMSA findings were validated over a period of 28 days after iron exposure, and our findings indicated that the pathway analysis was predictive for these TF protein activation responses.
Various cytokines and growth factors via tyrosine phosphorylation are known to activate STATs (43) , and phosphorylation of tyrosine-705 site results in activation of STAT3, which induces dimerization, followed by nuclear translocation and DNA binding (18, 31) . This increase in STAT3 (Tyr705) phosphorylation levels at day 28 compared with day 14 confirms our findings from EMSA analysis, wherein we detected a similar trend. Similar levels of STAT3 activation on day 7 compared with control, followed by a decrease on day 14, concurred with our findings of nuclear translocation and DNA binding activity of STAT3.
Cardiac hypertrophy is known to occur in response to stimulants, such as injury or stress (27) , and involves multiple signaling molecules culminating in activation of TFs and subsequent gene expression (41, 70) . The major contributors responsible for regulation of cardiac hypertrophy gene regulation involves GATA4 through its phosphorylation of serine 105 (Ser105), which in turn activates DNA binding and transcription of GATA4 (13, 41) . Since JNK, ERK1/2, and p38 MAPK have been known to regulate the phosphorylation of GATA4 at Ser105 in cultured CMs (13, 41, 68) , we evaluated the expression levels of these signaling molecules as viable upstream candidates across all time points post-IR. Increased levels of GATA4 phosphorylation on day 14 were confirmed by the higher expression levels for both JNK and p38, thus suggesting an increased DNA binding activity. Even though ERK1/2 levels post-IR were lower compared with control, day 14 still showed a slightly higher phosphorylation compared with days 7 and 28, and this subtle change in ERK1/2 phosphorylation might enhance GATA4 DNA binding activity (41) when combined with increased phosphorylation of JNK and p38 on day 14 (Fig. 6, A and B, and Fig. 8A, middle) .
We also studied p38 MAPK phosphorylation in our samples. Increased phosphorylation of p38 indicates activation of p38 MAPK, and active p38 regulates CM survival/apoptosis (45, 73) , cardiac hypertrophy (8, 38, 54) , and transition from cardiac hypertrophy to heart failure via activation of the JAK/ STAT3 pathway (38, 53) . In addition, activation of the p38 MAPK pathway through phosphorylation of p38 also results in protection against heart failure by aiding in cardiac restoration (46) . Phosphorylation of p38 MAPK was significantly increased in iron-IR hearts at 7 and 14 days and showed reduced phosphorylation at 28 days. Increased p38 MAPK phosphorylation on days 7 and 14 after iron-IR suggests activation of compensatory/protective mechanism, whereas reduced p38 MAPK phosphorylation on day 28 may be an early indication of cardiac decompensation in development. Decreases in activation of p38 MAPK signaling in 56 Fe ion-IR hearts could further negate a possible cardiac protective mechanism(s).
One of the major mechanisms of cardiac compensation is hypertrophy of the heart, and the TF, NFATc4, is one of the well-studied regulators of cardiac hypertrophy (12, 40) . MAPK p38 have been shown to regulate NFATc4 phosphorylation and nuclear translocation (79) . This activation of p38 affects dephosphorylated NFATc4 by rephosphorylation that antagonizes the Ca 2ϩ -mediated dephosphorylation and nuclear translocation of NFATc4, which results in NFATc4 being exported out of the nucleus and termination of NFATc4-mediated transcription (40, 49, 79) , hence cardiac hypertrophy signaling. There was activation of NFATc4 in 56 Fe ion-IR hearts at days 7, 14, and 28, which may indicate activation of cardiac hypertrophy signaling.
Further studies will be needed to determine whether these changes are shared across different cell and organ types in the body. Other factors associated with immune cell invasion and timing should also be studied. Additional characterization will also be needed to determine whether other HZE particles modulate transcripts and proteins at similar dose levels for the aforementioned biological pathways. This work provides new insights for thinking about biological pathways and molecular mechanisms that may be important for heart risk estimates for radiation therapy, astronaut safety, and medical diagnostics.
In summary, our data present several new findings: 1) at 90 cGy, 1 GeV dose of 1 H-IR, gene expression in CMs is not significantly affected over 28 days; 2) at 15 cGy, 1 GeV/n dose of 56 Fe-IR, CMs exhibit a time-dependent change in gene expression that results in an overall increase in the activity of inflammatory, free-radical scavenging and CV development and function pathways, 7 and 28 days post-IR; 3) our differ-ential genes were predictive for modulation of proteins such as TFs (STAT3, GATA4, NF-B, NFATc4) and p38 MAPK signaling; 4) there was a significant transcript overlap between neurodegenerative disease and cardiac muscle disorder-specific pathways that may support a possibility of common underlying molecular mechanism for radiation-induced neurodegenerative and cardio-degenerative diseases/disorders; and 5) 14 days after a single 56 Fe-IR, the activation of several developmental TFs, such as TBX5, GATA4, and MEF2C, which are required for the maintenance of cardiac homeostasis, strongly suggests activation of cardio-protective and regeneration responses in 56 Fe-IR-exposed hearts. It is very important to emphasize here that cardio-protective genes were activated in CMs before any detectable clinical symptoms in cardiac function. Using the same experimental model, our group has shown that the first detectable changes in cardiac function were observed only 1 mo after 56 Fe-IR (Fig. 7 ) (78) . These findings may infer potential novel biomarkers that can augment known CV disease biomarkers currently in the clinic for specific use in deep space missions.
